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In this study, the use of triple-sheet phosphor arrangement (TRP) in 
performing significant improvements to both color quality and luminous 
flux of white light emitting diode (WLEDs) is introduced. The phosphor 
layer of CaLaB307:Ce3+,Mn2+ is to accomplish green-spectra 
enhancement for the boost of luminous efficacy (LE), while MgB204:Mn2+ 
red phosphor layer is for red-spectra enhancement to better color rendering 
index (CRI) of WLEDs. The changes in these two phosphors’ concentrations 
present considerable effects on the yellow phosphor YAG:Ce3+ 
concentration, the color quality scale (CQS), CRI, and LE. Findings display 
the decrease of YAG:Ce3+ concentration accompanying the increase of red 
and green phosphor concentrations, for the stabilized average correlated 
color temperatures (ACCTs) between 6000 and 8500 K. Results also reveal 
that greater content of MgB204:Mn2+ leads to greater CRI value. 
Meanwhile using the increasing CaLaB307:Ce3+,Mn2+ concentration, the 
CRI lowers considerably. CQS, on the other hand, can increase with 
CaLaB307:Ce3+,Mn2+ concentration from 10% to 14%. Especially, given 
the enhancement for the CRI as well as CQS, LE value will surge to more 
than 40% due to the reduction of scattering light and the addition of green 
light. The outcome of the study is a priceless reference for light emitting 
diode (LED) producers. 
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1. INTRODUCTION 
The age of solid-state illumination system is introduced by the white light-emitting diodes (WLEDs) 
which are of significant luminous efficiency (LE), extended in the period of efficacy, low in energy usage, 
and eco-friendly to the environment. WLEDs are commonly applied in lighting systems such as auto lamps 
and displays [1], [2]. The recent regular WLED formation has been the compound containing a blue-excited 
LED along with a YAG:Ce** sheet [3]. A part of blue light emission is produced by the Stokes change, 
resulting in the longer-wavelength yellow light. This is followed by a merger between blue as well as yellow 
illumination that creates white emissions. The compound of phosphorus powders and organic silicone or 
other organic chemical components is the most popular phosphor layer compound [4], [5]. Still, extreme 
stimulation or intense environments are likely to cause degradation and deformation of the film. To perform 
good maintenance for the chemical and physical condition of the high-power WLED, the phosphor structuring 
model was equipped with phosphor-glass and phosphor-ceramic composites. The phosphor-glass composite 
applied in the phosphor-in-glass (PiG) structure is the combination of phosphor powders and glass matrices [6]. 


Journal homepage: http://telkomnika.uad.ac.id 


442 m) ISSN: 1693-6930 


The phosphor glass, however, expects the least complicated combination method and has a greater 
ability to change emission properties than the phosphor ceramics. Despite most recent updated packaging 
configurations of WLEDs, the remote phosphor (RP) packaging configuration derived from the PiG is the 
most viable structure for strong-performance WLEDs. The phosphor layer, however, is projected to 
experience a massive temperature rise due to the power loss defined by Stokes shift and light absorption 
under strong stimulation [7], [8]. The glass substrate’s low thermal conductivity (TC) results in less effective 
heat dispersion from the phosphor film to radiators [9]. Thus, the changes in the thermal quenching, the color 
coordinate, the wavelength, the lighting inconsistency, and the lifespan decrease will cause a reduction in the 
light emission by more than one level in the magnitude due to the rising heat within the phosphor film of the 
package. Materials exhibiting high TC are applied to encourage the dispersion of generated phosphor-layer 
heat of PiG in WLEDs, as a result [10], [11]. The supported graphene material that has high TC (~600 W/m: K) 
was applied to the covering of PiG to optimize the thermal management in WLEDs. 

Nevertheless, the use of high TC graphene is limited due to its difficult preparation and low 
transmission. The heat dispersion of optoelectronic devices is enhanced by the large bandgap material 
hexagonal boron nitride (hBN) with the TC reaching 600 W/m-K, yet some difficulties occur in the 
preparation of the high-quality materials [12], [13]. A sapphire substrate with a great TC of about 30 W/m-K 
and high transmitting efficiency of up to ninety percent [14] was introduced as an alternative to the 
conventional low-TC glass substrate (<1.5 W/m-K) for the PiG to increase the thermal dispersion in 
phosphor layers. The higher the power conditions, the more enhancement would be seen. This study proposes 
a triple-film remote phosphor arrangement (TRP) for WLED models having a chromatic correlated 
temperature (CCT) of 6000 K [15]. Three phosphor sheets applied in this RP type are YAG:Ce*, 
CaLaB307:Ce**,Mn?*, and MgB2O4:Mn**. The CaLaB307:Ce**,Mn”* with green emission is responsible for 
boosting the green-spectrum power for the aim of stronger luminous flux [16], [17]. Meanwhile, MgB2O4:Mn** 
will function as a booster for red-light energy to enhance the chroma reproduction quality. The collected data 
and presented figures show the outstanding enhancement in both color reproduction and the luminosity of the 
8500-K WLED as long as the balance among primary blue, green, yellow, and red colors is kept. 


2. PREPARATION 
2.1. Preparation of phosphor materials 

Compositions of red-phosphor MgB2O4:Mn”** and green-phosphor CaLaB307:Ce**,Mn” are integral 
aspects for our research. To obtain high-performance phosphor powders for the most accurate simulated and 
analyzed data, strict and careful phosphor preparation is required [18]. The composition details of both 
red-phosphor and green-phosphor, MgB2O4:Mn** and Cal.aB307:Ce**,Mn?*, are presented in Table 1 and 
Table 2, respectively. To get a well-prepared red-emission phosphor powder MgB2O4:Mn**, the chemical 
mixture formed by dry-milled MgO, MnCO3, and H3BO3 must be heated up in an open quartz boat three 
times. After every firing time, the mixture will be ground into powder. The first time, the operating temperature 
is 500 °C, and the flux of N2 is added during the procedure. The second time also last 1 hour with the addition of 
N> flux but at 700 °C. The final firing time is operated at 1000 °C for 2 hours or 850 °C for 4 hours with N2? flux. 
After the third heating stage finishes, the desired red-phosphor MgB204:Mn”* is obtained with the emission 
energy peaking at 1.88 eV and 2.11 eV. 


Table 1. Red-phosphor MgB2O4:Mn** composition details 
Chemical elements Mole percentage By weight (g) 
40 


MgO 98 
MnCO; 2 23 
H;BO; 205 127 


Table 2. Green-phosphor CaLaB307:Ce**,Mn** composition details 
Chemical elements Mole percentage By weight (g) 


CaCO; 95 95 
La203 98 (of La) 160 
MnCO; 5 5.8 
CeO, 2 3.4 
H;BO; 310 192 


For the green-phosphor CaLaB307:Ce**,Mn?* preparing process, the initial step is to well-blended 
all the ingredients by dry grinding. Then, a series of three burning operations is carried out in open quartz 
boats, each of which will be followed by a powdering step. The first operation is at 500 °C with air flow. 
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The next firing time is performed with N2 flow at 700 °C for 1 hour while the operating temperature and time, 
as well as the added flow of the third firing, are 900 °C, 2 hours, and CO, respectively. The final phosphor 
product will exhibit a discharge in green hue yielding an apex emission energy measured at 2.40 eV [19]. 


2.2. Simulation of TRP 

To perform the TRP arrangements with the RP-WLED of 8500 K CCT, the commercial software 
LightTools 9.0 equipped with the Monte Carlo technique was utilized. The optical 3-D physical simulation 
and a real sample of RP-WLED are illustrated in Figure 1. The reflector in this type possesses bottom length 
measured at 8 mm, a height measured at 2.07 mm, as well as length measured at 9.85 mm at its top surface, 
see Figure 1(a). WLEDs have a 0.08 mm thick remote phosphor coating that sits on top of nine LED chips, 
as shown in Figure 1(b). In a bottom-to-top order, the TRP structure is made up of three separate phosphor 
layers of yellow-emitting YAG:Ce**, green-emitting CaLaB307:Ce°t,Mn”, and red-emitting MgB204:Mn”*, 
see Figure 1(c). Each square chip is 1.14 mm long with a 0.15 mm height, affixed to the reflector’s chamber. 
Each blue chip with a wavelength of 455 nm emits 1.16 W of radiant flux, as displayed in Figure 1(d). 
The contents for granules of phosphor fluctuates continually from 2 to 20 percent to investigate its impacts 
on the TRP-WLED properties [20]. 


Lead frame: 4.7 mm Jentech Size-S 
LED chip: V45H 

Die attach: Sumitomo 1295SA 
Gold Wire: 1.0 mil 

Phosphor: ITC NYAG4_EL 


(a) (b) (c) (d) 


Figure 1. The schematic illustrations of (a) a real PiG-WLED sample, (b) its parameters, (c) a TRP 
arrangement, and (d) the 3D physical simulation of a WLED 


3. RESULTS AND DISCUSSION 

The study firstly assesses the color reproduction quality corresponding to the varying concentration 
of red and green phosphors, MgB2O4:Mn** and CaLaB307:Ce**,Mn**. The essential parameters for this 
assessment are the color rendering intent (CRI) along with color quality scale (CQS), which are illustrated in 
Figure 2 and Figure 3, respectively. In Figure 2, when the red phosphor weight percentage (wt%) is increased 
within the range of 2—20wt%, the CRI value progressively rises until it reaches the highest points at 20 wt% 
of MgB204:Mn”. The increasing green-phosphor concentration, on the other hand, is detrimental to the CRI. 
The evidence is the significant decline of the CRI data at higher concentrations of green phosphor, 
irrespective of the increase in red-phosphor concentration. At the same 20 wt%, for instance, the red phosphor 
shows the greatest CRI while the green phosphor reduced the CRI to the lowest level, inferred from Figure 2. 
These results have confirmed that increasing the red spectra in the visible wavelength of generated white light 
with MgB204:Mn” phosphor is required to raise CRI values [21]. Since the red spectral energy improvement is 
known as a benefit to CRI, the green spectra enhancement is considered a drawback that degrades the color 
rendition. Moreover, as the green-phosphor CaLaB307:Ce**,Mn”* is used at higher concentration, this means a 
larger proportion of green light is produced and may become redundant, which is probably not conducive to 
CRI. Additionally, regarding the organizational arrangement of the TRP, the phosphor sheet of green-emitting 
CaLaB307:Ce**,Mn?** is located beneath the red-emitting MgB2O4:Mn”* sheet, allowing both blue and yellow 
light to interact with the green phosphor particles before reaching red ones. Consequently, the conversion power 
of the MgB2O.:Mn?* sheet decrease as the layer of phosphor on green concentration increases. As such, 
the green phosphor CaLaB3;07:Ce**,Mn”* concentration should be at its minimum to reach the goal of high CRI. 

As mentioned, the corlor reproduction efficiency of the TRP will be validated through either the CRI 
or CQS. The CRI has been recognized to have flaws in presenting the real color of the targeted objects. 
Under the light of the high intensity of blue or red emission color, the CRI provided high rendering scores. 
Therefore, the CRI is just a single aspect of color reproduction efficiency. There are other two factors that are 
crucial to validate the chromatic reproduction effect of a WLED, including the coordination of color elements 
on the chroma scale and the visual inclination of users. The CQS has been introduced to cover all these three 
critical factors, becoming a nearly perfect measurement for the color reproduction effect in illumination. 
Consequently, when taking these two accessing color parameters into consideration, CQS probably presents a 
more sufficient assessment than CRI, and thus, becomes more challenging to manage for high values [22]-[24]. 
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The question is how can we increase the CQS of a WLED? is it possible to just simply increase only red 
spectra for CQS enhancement as the CRI? Figure 3 shows the CQS values as well as the answers to the 
previous questions. Generally, CQS is also increased as the red phosphor concentration MgB204:Mn” rose. 
However, unlike the variation in CRI, the variation in CQS is small when the green phosphor layer 
CaLaB307:Ce**,Mn7* concentration is adjusted. The CQS data in Figure 3 can confirm that phosphors in red 
as well as green help increase the CQS. Greater CQS requires achieving a color balance of critical colors, 
including green, yellow, red, and blue. As the concentration for said phosphors rises, the content of YAG:Ce** 
declines, sustaining the CCT at 8500 K. 


12% 84% 86% 58% 510% 012% m 14% B 16% m 18% 820% 02% m4% 26% 28% 010% 512% m14% 216% m18% 20% 


2 


Wa 


29 4% 6% 8% 10% 12% 14% 16% 18% 20% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 


i Red phosphor (%) Red phosphor (%) 
Figure 2. CRI value in TRP with various Figure 3. CQS value in TRP with various 
concentrations for MgB204:Mn”™ and green concentrations for MgB204:Mn”™ as well as 
CaLaB307:Ce**,Mn?* at 8500 K CaLaB307:Ce**,Mn?* at 8500 K 


Decreasing YAG:Ce?* content leads to less yellow spectral content, which has two benefits. The first 
would be limiting illumination scattering backward to the chip in LED surface which usually leads to 
reabsorption, resulting in a large proportion of extracted light, allowing an increase in luminous flux to be 
presented. Another advantage is that yellow-light components which replace the blue light element, as well as 
the red and green light elements are reduced. The control of CQS is the control over these 3 light color 
elements. CQS improves steadily when the CalLaB307:Ce**,Mn** content increases (2% — 10%) and 
gradually declined afterwards. The biggest values of CQS are recognized with 10% to 14% in the 
concentration of CaLaB307:Ce**,Mn?*. The yellow illumination factor is dominant even with a modest green- 
phosphor concentration (2% — 10%). The light-transmitting energy losses are initiated by the scattering in a 
backward direction and eventually prevent the CQS from acquiring the best value. If we increase the green- 
emitting CalLaB307:Ce**,Mn** concentration to the range of 10% — 14%, the green-spectra portion will be 
sufficient for higher CQS and could achieve the maximum. 

However, when the concentration of CalaB307:Ce**,Mn** increases, the green light portion is 
exorbitant, breaking the balance among the mentioned essential color elements. As a result, the higher the 
concentration of green phosphor, the more CQS values decrease. Remote phosphor structures have more 
comprehensive hue output control, surpassing conformal as well as in-cup phosphor systems. Such control 
will be more strenuous for RP-WLEDs with the CCT greater than 8500 K (such as 7000 K — 8500 K). 
Additionally, to reduce the number of backscatter events, the TRP helps to increase the internal scattering 
activities of the WLED. The mixing of light components increases as dispersion increases, culminating in 
desirable white illumination. Is such an increased dispersion, however, causing the energy to transmit less 
light? The simulation of calculation for the conveyed blue illumination as well as transformed yellow 
illumination within the dual-sheet configuration, causing significant enhancement in LED efficiency, will be 
illustrated, and explained in this part. In a single-layer RP, the phosphor layer has a 2h thickness, and the 
computation of both conveyed blue illumination as well as transformed yellow illumination is stated as the [25]. 


PB, = PBy x e72%81" (1) 
1 B,xPB = 2 
PY, = ere (e 2ayıh _ e 2apih) (2) 


In the dual-film RP, the phosphor sheet’s breadth will be h, and subsequently, the conveyed blue 
illumination as well as transformed yellow illumination will be possibly performed. 
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PB, = PBy x e~ 2782" (3) 
1 B2xPB = = 
2a e °°) (4) 


The h represents a phosphor sheet’s thickness. Subscript numbers 1 and 2 are used to mark the single- and 
dual-film RPs. The transmutation fraction for transforming the blue illumination into yellow illumination 
would be p. The yellow-light reflection coefficient is shown by y. The light power generated by the blue 
LED comprises the blue illumination (PB) along with the yellow illumination (PY), which is indicated via 
PBO. The ratios concerning the waste of power for the blue as well as yellow illumination during their 
generation within the layer of phosphor are accordingly @B, aY. 

In comparison, the efficiency of illumination from WLEDs of the dual-film RP has greater 
performance, surpassing the one-film configuration: 


(PB2+PY2)-(PB1+PY1) 
PBy+PY, 


>0 (5) 


The analysis of the dispersion for the spherical granules of phosphor is supported by the Mie hypothesis for 
dispersion. Besides, with the law of Lambert-Beer, the power for transmitted light could be computed [26]: 


I = lgexp(—hHextL) (6) 


For the equation, the incident illumination energy will be presented by J, and the thickness of the phosphor 
sheet is L in mm. The extinction coefficient is eyt which is demonstrated as peyt = Nr X Cex. 
Correspondingly, N, indicates the density-allocation number for phosphor granules (mm). Cext indicates the 
extinction cross-section for spherical granules. 

Using extra phosphor layers increases the flux output of WLEDs’ illumination, as shown in (5). 
The increase in concentrations of both red MgB2Ou:Mn* and green CaLaB307:Ce**,Mn** increases the 
luminous flux at 8500 K, as depicted in Figure 4. When these two phosphor concentrations show a rise, 
lowering YAG:Ce** content would vital when it comes to the CCT’s stability. As demonstrated, one of the 
advantages of having decreased yellow-phosphor concentration is the lower waste of illumination energy 
caused by backwardly redirected illumination scatterings. Furthermore, this decline leads to higher internal 
transmission energy, inferred from (6) based on Beer’s law. As a result, the increase in either 
CaLaB307:Ce**,Mn** concentration or MgB2O4:Mn** concentration can yield more luminous flux. According 
to the results shown in Figure 4, CalaB307:Ce**,Mn** increasing weight percentages help the luminous 
efficiency (LE) increase by more than 40%, without regard to MgB2O4:Mn** concentrations. The result 
obtained is a useful guide for the manufacturer in determining the proper concentration of the two phosphors. 
For example, with an aim at good CQS accompanying high-value LE, the concentration percentages of 
CaLaB307:Ce**,Mn?* must be between 10 and 14wt%, while the concentration percentage of MgB2O4:Mn?* 
stays at 20 wt%. 


12% m14% 216% m18% #20% 


Luminous flux (Im) 


7 
Hh la 


2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 


Red phosphor (%) 


Figure 4. Lumen in TRP with various concentrations for MgB204:Mn”* as well as CaLaB307:Ce**,Mn”* at 
8500 K 
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4. CONCLUSION 

The use of a TRP arrangement with two phosphors of green CaLaB307:Ce**,Mn** and red 
MgB204:Mn** for the improvement in CRI, CQS, and LE of WLEDs’ illumination at 8500 K has been 
proposed. Not only is the color quality improved with the TRP construction, but also the LE, which is seldom 
demonstrated in previous configurations. Balancing yellow, green, and red chroma of the white light must be 
focused and preserved in processing TRP structure for higher efficiency. This can be operated by adjusting the 
concentrations of CaLaB307:Ce**,Mn* and MgB204:Mn”™. The green light component of WLEDs is controlled 
by the green layer CalaB307:Ce**,Mn”* phosphor, allowing the increase in luminosity of the RP-WLED. 
The additional phosphor layer in TRP, moreover, helps heighten the luminous intensity, much more than that 
of the single-layer RP. Additionally, controlling red layer MgB2O4:Mn”* concentration allows the control over 
red spectral components within the visible wavelength of white illumination from a WLED, leading to an 
increase in CRI. The study also demonstrates that lowering concentrations of yellow-phosphor YAG:Ce** 
helps balance yellow, green, red, and blue color distribution on the chroma scale while initiating a reduction 
in the backward-directed scattering, which contributes to enabling the best color reproduction effects and the 
highest luminosity. 
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